In the framework of minimal flavor violation (MFV), we discuss the decay properties of a supersymmetric scalar top (stop) in the presence of a light gravitino. Given a small mass difference between the lighter stop and lightest neutralino and an otherwise sufficiently decoupled spectrum, the stop may be long-lived and thus can provide support to MFV at hadron colliders. For a binolike lightest neutralino, we apply bounds from searches in the γγ / E T channel (ATLAS with 1 fb
I. INTRODUCTION
Supersymmetry (SUSY) [1] is an attractive extension of the standard model (SM). However the simplest version of a supersymmetric SM, the minimal supersymmetric standard model (MSSM) [2] , does not predict a specific flavor structure; all superrenormalizable soft supersymmetry breaking terms allowed by gauge and Lorentz symmetry as well as R parity are present in its Lagrange density [2] . However, it is clear that a supersymmetric extension of the standard model must have a non-generic flavor structure to be compatible with experimental results [3, 4] .
The way the standard model flavor structure is extended to the MSSM is not unique, yet a widely discussed flavor scheme is minimal flavor violation [5] (MFV). In MFV the standard model Yukawa couplings are promoted to spurion fields transforming under the SM flavor group to restore the SM's flavor symmetry. If all additional flavor structure of a new physics model can be understood as higher dimensional flavor invariant operators including these spurions and the model's fields, the model is called MFV.
As the LHC is running and eventually will find supersymmetry, it will be challenging to investigate the flavor structure at a hadron collider due to the detectors' limited flavor identification abilities and the complexity of the recorded events. In [6] it was pointed out that the third generation's squarks decouple from the first two generations in MFV. As a result, a light stop can be long-lived decaying through the flavor changing neutral current channel [7, 8] 
if all flavor diagonal channels are kinematically closed.
(t 1 denotes the light stop,χ 0 1 the lightest neutralino and c a charm quark.) An observation of long-living light stops thus would hint in the direction of MFV.
In MFV, the coupling Y betweent 1 , c andχ
where λ b and V ij denotes the bottom Yukawa coupling and elements of the Cabibbo Kobayashi Maskawa (CKM) matrix respectively. The precise value of Y depends on the stop left-right composition, the neutralino decomposition, and on a numeric factor stemming from the MFV expansion; see Ref. [6] for details. In [9] it is shown that the average transverse impact parameters for the stop decay products can be expected to be O(1800 µm) for stop lifetimes of the order of ten ps in the production channel pp →ttt 1t1 [10] . When both top quarks in this channel decay leptonically, the pair of same signed leptons in the final state allows to separate the signal process from its SM background; however, the small leptonic branching ratio of top quarks suppresses this process so that, after applying all kinematic cuts, only few events are left in this channel. Ref. [11] proposes an alternative collider signature assuming stop pair production in association with one hard jet. Demanding a minimum transverse momentum of 1 TeV for the additional jet, the whole parameter region consistent with electroweak baryogenesis can be probed. Ref. [12] considers an analogous process, stop pair production in association with two b-jets. However, these two studies do not consider stops in the MFV framework.
If we consider local SUSY instead of a global implementation of SUSY, we can have distinct collider signal signatures with little SM background: In local SUSY, a massive gravitino emerges in the supersymmetric mass spectrum [13] . Its interactions with other particles are severely suppressed by the reduced Planck mass
where G N is Newton's constant. Depending on the exact breaking mechanism in the hidden sector, the gravitino can be very light. A light gravitino interacts through its goldstino components with couplings proportional to
where m 3/2 is the gravitino mass.
In models of gauge mediation [14] [15] [16] [17] [18] , m 3/2 is generally much smaller than the sparticle mass scale; thus, the gravitino is the lightest supersymmetric particle (LSP). Its goldstino interactions are enhanced and can be of the electroweak order.
Consequently, the lightest neutralino decays viã
where X denotes a photon, Z, or a Higgs boson;G denotes a gravitino [19] . If X is a photon (γ), this decay leads to very clear collider signatures with high p T isolated photons plus missing transverse energy ( / E T ) stemming from gravitinos leaving the detector unseen.
Several studies with light gravitinos at hadron colliders were performed in the past. Ref. [19] [20] [21] consider the diphoton plus / E T channel at hadron colliders. In Ref. [22, 23] the authors examine a stau NLSP and a gravitino LSP. A sneutrino NLSP and a gravitino LSP scenario is investigated in Ref. [24, 25] . Ref. [26] considers the discovery potential of a neutralino NLSP and a gravitino LSP at the Tevatron, where they consider a general decomposition of the lightest neutralino. In Ref. [19] the authors consider a light stop NNLSP and a light neutralino NLSP and a gravitino LSP. Ref. [27] investigate a stop NLSP and a gravitino LSP scenario for the Tevatron as well as the LHC. A chargino NLSP and a gravitino LSP is considered in Ref. [28] . Depending on the size of the gravitino mass, non-pointing photons can be measured. The discovery potential of sparticle decays with a finite decay length are investigated in [29] [30] [31] . A recent experimental search for sparticles with finite decay lengths is published in [32] .
In this paper we investigate the parameter region where the decay in Eq. (1) is dominant in the context of a light gravitino, and how the stop masses are constrained in this framework by recent collider searches, assuming thatt 1 ,χ 0 1 , andG are the only light supersymmetric particles. We discuss the stop andχ 0 1 decay patterns in section II. In section III we apply collider bounds in the γγ / E T channel [33, 34] . The cuts adapted from the experimental studies are discussed in the two appendices.
II. DECAY PATTERNS

A. Light stop decays
Here we discuss possible decay patterns of light stops and their implications on the parameter space. We start with decays of the light stop via Yukawa and gauge couplings and then discuss direct stop decays into a gravitino.
The lighter stop mass eigenstatet 1 is the lightest squark state in many supersymmetry breaking scenarios. On one hand, the large top Yukawa coupling can induce a sizable left-right mixing in the stop sector leading to lightt 1 masses. On the other hand, if the soft squark mass terms are unified at a high scale, the stop mass terms are prominently reduced by the top Yukawa coupling in the running of the renormalization group equations to the electroweak scale [38] . In this case,t 1 is mostly a SU (2) singlet state since its mass term does not receive any contributions from SU (2) gaugino loops. In addition, right-handed stop loop contributions to the rho parameter are sufficiently suppressed [39] .
Surprisingly light masses of O(100 GeV) are still consistent with experimental searches for stops decaying to cχ is smaller than ≈ 30 GeV [40] .
Since we want the flavor changing decay in Eq.
(1) to be the dominant decay and the stop to be long-lived, we must ensure that the potentially dominant decays
Depending on the chargino and slepton masses (> mt may be dominant if ∆m exceeds a few 10 GeV. For small stop neutralino mass splittings, the tree-level four-body decay is strongly phase space suppressed and Eq. (1) remains the dominant decay mode [6] .
The MFV decay width can be written as
in the limit of ∆m mt 1 [6] . Thus, if this decay is dominant, the stop lifetime is governed by ∆mY . The kinetic energy of the hadronic stop decay remnants depends on the size of the mass splitting ∆m. In a study with same-sign leptons [9] , a major reduction of event numbers due to a minimal p T cut on these low energy decay products has been found.
In the presence of a light gravitino, restrictions on ∆m and Y are not sufficient to guarantee the dominance of the FCNC (flavor changing neutral current) decay mode Eq. (1). If ∆mY is too small, the twobody decays of the stop into the gravitino,
and-if the resonant decay to tops is kinematically closed-the three-body decay mode of the stop,
can have a significant contribution to the full stop decay width. These decays can invalidate our assumption, that the stop dominantly decays via a FCNC process with a finite impact parameter.
For the flavor diagonal two and three-body decay channels, the decay rates are [19, 41] 
where the gravitino mass is neglected in the phase space integrals. α em , and θ W denote the fine-structure constant and the Weinberg angle, respectively. Further
with the top mass m t . c L and c R parametrize thet L andt R contribution tot 1 ; due to the 3rd generation's decoupling in MFV the other squarks' admixture is small,
are phase space integrals and can be found in [41] . Note that Eq. (11b) does not comprise the finite top width and diverges at the top mass threshold. We use this formula for mt 1 < m t only. As the three-body decay proceeds trough a virtual top quark, its rate is largest for a right-handed stop, because the chirality flipping top mass dominates the propagator.
For a bino-likeχ 
where Y and Y are related by a factor dependent on the stop composition as Y comprises the hypercharges of the left-and right-handed stop fields. The factor is
with the SM U (1) coupling g and the left-handed (right-handed) stop hypercharge Y Q = dependence of the decay widths in Eqs (9), (10) and the weaker m and stop lifetimes (right, pink), respectively for mt 1 = 150 GeV, 300 GeV and 500 GeV (from top to bottom), in dependence on the gravitino mass mG and the MFV coupling Y . In the branching ratio plots, the shaded areas correspond to B(t1 → cχ 0 1 ) ≥ 0.01, 0.1, 0.9 (from light to dark hue), whereas, in the lifetime plots, the shaded areas correspond to τt 1 ≥ 0.01, 0.1, 1, 10, 100 ps (from light to dark hue). We chose ∆m = 10 GeV.
As it is clearly visible from 
for the stop to be long-lived and to decay dominantly to cχ 0 1 . As the charmed hadron produced in the decay has a macroscopic lifetime of O(1 ps) itself, however, a macroscopic stop lifetime might turn out to be accessible experimentally only if it exceeds this timescale.
B. NLSP neutralino composition and decays
Neutralinos are mass eigenstates of the U (1) gauge fermion (bino), the neutral SU (2) gauge fermion (wino), and the neutral up-and down-type Higgs fermion (higgsino). The fields' individual contributions toχ → XG, where X is either the photon, the Z boson, or a neutral Higgs boson. Branching ratios into the various decay channels are fixed by phase space suppression factors and the decomposition of the lightest neutralino. General formulae for the decay widths are given in Refs [19, 26] .
In the previous subsection, we argued that the mass of the light charginoχ 
Similarly, ifχ
This value is obvious asG is a gauge singlet and γ a mixed state of the hypercharge gauge boson and the neutral SU (2) gauge boson where the mixture is parametrized by the Weinberg angle. Including the phase space suppression from m Z and assuming that the higgsino sector is decoupled, the bino decay rates are [19, 43] 
For reference we show the bino-neutralino lifetime as a function of the lightest neutralino mass for gravitino masses 1, 10, 100, 1000 eV in Fig. 2 . 
The production cross sections are given in Fig. 3 as a function of the stop mass for the LHC at 7 TeV as well as for Tevatron and are calculated with Prospino [44] using the built-in CTEQ6.6M [45] parton distribution functions (PDFs). We also show the next-to-leading order uncertainty by varying the factorization scale (µ F ) and the renormalization scale (µ R ) between 
In general, with a small mass gap ∆m, the charm jets are too soft to be useful for event selection. Thus constrains on our parameter space can stem from searches for an excess in the γγ / E T , γZ / E T and ZZ / E T channels. As binos dominantly decay to γG, the SM background is negligible for energetic photons, and large / E T and high p T photons are efficiently identified in multipurpose detectors, we concentrate on the γγ / E T channel in this work. Several experimental searches for the diphoton and / E T channel have been published [33] [34] [35] [36] [37] . So far, no excess above the SM expectation has been found.
In the following, we present exclusion limits in the stop-gravitino mass plane derived from the latest ATLAS search in the γγ / E T channel for a luminosity (L) of 1.07 fb −1 [34] . We derive also bounds from the D/ 0 search with L = 6.3 fb −1 [33] , and give a L = 5 fb
projection for the ATLAS bound.
The dominant SM background with / E T originating from the hard process stems from W + γ, W + jets, and W/Zγ(e)γ(e) production. Here, electrons/jets are misidentified as photons. SM background with / E T from mismeasurements emerges from multijet production and direct photon production.
A supersymmetric background can only arise from χ 
A. Calculation of exclusion limits
To constrain the stop mass, the gravitino mass, and the MFV coupling Y , we calculate σt 1t * 1 , the total cross section fort 1t * 1 production, in a grid of the light stop mass mt 1 using Prospino. Note here that the light stop mass is the dominant SUSY parameter in the cross section [44] , both for pp and pp initial states.
For each stop mass in the grid, we generate 100 000t 1t * 1 pair events with pythia 6.4.25 [46] using the CTEQ6.6M [45] parton distribution functions. With the hadron level events we simulate the efficiency/acceptance for the γγccGG final state in the ATLAS and D/ 0 analyses employing a slightly modified version of Delphes 1.9 [47] [56] . The photon energy, and therefore our signal's detection efficiency, depends on the mass splitting ∆m. As in the previous sections, we fix ∆m = 10 GeV. In appendices A and B, we give details on the cuts adopted from the experimental studies and on further simulation parameters. As a result of this simulation step, we obtain efficiencies n in bins of / E T and can calculate a signal cross section in bin n from
Using Eqs (15) to calculate B(χ 0 1 →Gγ), we finally employ the CL s method [48, 49] [57] to calculate the 95% exclusion limits for B(t 1 →χ 0 1 c). Those are depicted in Fig. 4 , where we use the measurements plus background predictions of the experimental studies as enlisted in Tab. I. When calculating the exclusion limit, we treat the errors on the luminosity and the background as Gaussian nuisance parameters, see Tab. I, but do not take into account theory uncertainties stemming from scale variations and the choice of PDF sets.
The projection for the ATLAS study with a luminosity of 5 fb −1 is calculated using the prescription of [50] .
35 − 50 18 11.9 ± 2.0 (6.3 ± 0.4) fb 
B. Numerical analysis and discussion
As can be seen in Fig. 4 , the ATLAS search (solid pink curve) gives a bound on B(t 1 →χ 0 1 c) for stop masses up to 560 GeV. For a luminosity of 5 fb −1 , this mass is projected to 660 GeV. For larger masses, a dominant tree level FCNC decayt 1 →χ 0 1 c is in agreement with the measurement. As can be seen from Fig. 4 , the 1.07 fb −1 ATLAS data already excludes a larger parameter region than the 6.3 fb −1 D/ 0 data [58] . For each stop mass, the bound in Fig. 4 can be mapped to a bound on the maximal gravitino mass for given values of Y using Eqs (8), (11) , and (12). We plot these bounds for Y = 10 −7 , 10 −6 , 10 −5 in Fig. 5 . As Eqs (11) do not provide the correct stop width for masses in the threshold region close to the top mass, we exclude this region from the mapping and interpolate our result in the region m t ± 30 GeV (m t = 173 GeV).
The mass difference ∆m enters the bounds in Fig. 5 through Eq. (8) and through the hardness of the photon p T spectrum. For small changes in ∆m, the latter dependency can be neglected, and the bounds depend on the product (Y ∆m) only. Therefore the bounds for other viable values of ∆m can be derived from those shown for ∆m = 10 GeV by rescaling Y . [33] . Pink curves: ATLAS search [34] , where the solid curve corresponds to the measurement, and the dashed line corresponds to a L = 5 fb
projection. The areas above the curves are excluded at 95% CL within our simplified analysis.
Obviously, the smaller we choose Y the larger m 3/2 can be to generate a branching ratio below a certain value. The bound on m 3/2 resulting from the mapping in for fixed ∆m. For both smaller values of Y , the stop lifetime slopes shown only depend weakly on Y because the corresponding total stop widths are dominated by the gravitational decayt 1 → tG resp.t 1 → W + bG. Fig. 5 shows that the gravitino mass region promoted in [9] as the region where the decayt 1 →χ itino channels have a significant contribution to the stop decay. If this contribution is dominant, both-theχ 0 1 and thet 1 decay-are governed by the same coupling ∼ 1/m 2 3/2 . As the stop decay width is suppressed by phase space (tG channel) or top propagator (GW + b channel), the stop lifetime is expected to be larger than, or at the same order of magnitude as, the neutralino lifetime in this region.
• In the mass region where B(t 1 →χ 0 1 c) is allowed to dominate, i.e. for mt 1 500 GeV, the phase space suppression of the stop decay width Eq. (11a) is less pronounced; thus, the stop and neutralino gravitational partial decay widths are of the same order of magnitude. Consequently, if t 1 → cχ 0 1 is the dominant stop decay in this mass region, the stop lifetime is significantly smaller than the neutralino lifetime.
The relation between the stop and neutralino lifetimes (τt 1 and τχ0 1 ) described above is summarized in Fig. 6 where we plot the allowed ratio of both lifetimes within the bounds. Along the solid black line bounding the grey area, the contribution of Eq. (8) to the stop decay width vanishes; thus, this line represents the smallest value the ratio can have. The plot is generated for Y = 10 −6 ; however, only the leftmost parts of the exclusion areas depend weakly on the specific value of Y . For smaller masses, the bounds are driven by the phase space dependence of Eqs (11) and (15) .
Note that for larget 1 orχ 0 1 lifetimes, care must be taken in the interpretation of the bounds in Figs 5 and 6: The selection criteria for photon candidates in the ATLAS publication are chosen for prompt photons [51, 52] . Also, more explicitly, the D/ 0 study requires that photon candidates point to a reconstructed primary vertex. We assumed in our calculation that all signal photons fulfill these criteria as if they were prompt. In a more realistic simulation, for increasing neutralino lifetimes, the signal photons' selection efficiency should decrease. For longitudinal neutralino decay lengths of O(1000 mm) ATLAS simulations show that for several photon selection criteria [59] used in [34] the efficiency drops from O(85%) to O(55%) [53] . Consequently, for lifetimes O(ns), we overestimate the number of photons accepted, and the bounds on m 3/2 presented should be regarded with care in this lifetime region.
While for a bino-like neutralino, the γγ / E T channel offers the highest sensitivity for setting mass limits, it may be difficult to measure the neutralino lifetime in this channel due to lack of photon tracks. To construct the photons' impact parameters, CMS focuses on converted photons in a 2.1 fb −1 search in the γγ / E T + jets channel in [54] . As pointed out in [31] , theχ 0 1 → ZG channel may be used to investigate the neutralinos' lifetimes, as the Z's decay products allow to reconstruct theχ 0 1 's trajectory.
IV. SUMMARY
In SUSY models with MFV, the third generation of squarks decouples from the other two generations. This decoupling opens the opportunity to support the MFV hypotheses with the measurement of a macroscopic stop decay length if the stop decay can only proceed through a generation-changing channel due to kinematic constraints [6] . In this work, we investigate the decay of a stop into a charm and a bino-like lightest neutralino with a subsequent bino decay to a photon and a light gravitino,
given a sufficiently small mass difference betweent 1 andχ 0 1 . While a macroscopic stop decay length serves as a hint for MFV, the neutralino's decay to a photon leaves a distinct signature in LHC and Tevatron detectors offering a good signal isolation.
Assuming that the remainder of the SUSY spectrum is decoupled, we find that the ATLAS search in the γγ / E T channel based on a luminosity of 1 fb −1 [34] implies a bound on B(t 1 → cχ 0 1 ) for stop masses up to 560 GeV, see Fig. 4 . In a 5 fb −1 projection, the bound is raised to 660 GeV.
We find that stops lighter than ∼ 400 GeV are still compatible with the γγ / E T searches; however, in this region, a significant fraction of the stops decays into gravitinos and quarks of the third generation. Here the stops are expected to have larger lifetimes than the lightest neutralinos; though, a macroscopic stop decay length is governed by the gravitino mass scale m 3/2 and is no hint for a decoupled stop flavor mixing structure.
Stops heavier than ∼ 500 GeV can dominantly decay through the decay chain in Eq. (19) and eventually support MFV if they are a long-lived. As the lifetime depends on both the stops's flavor mixing and the gravitino mass, it can serve as a hint to MFV only if the contribution of the gravitino modes to the total decay width is negligible. This is assured if the neutralino lifetime is much larger than the stop lifetime.
We have discussed a split spectrum where the only light particles are a light gravitino, a light bino, and a light right-handed stop. It may be possible, however, to separate supersymmetric background processes in a scenario with additional light sparticles by vetoing on additional jets and/or isolated leptons.
